Abstract
INTRODUCTION
As an advanced manufacturing technology which has been developed rapidly in more than last ten years, high speed machining can provide high efficiency of production and low cost, as well as improve the quality of machined surface. In addition, it can remove the difficult-to-cut materials with high hardness. High speed machining technology is applied widely in many industrial fields such as aeronautics and astronautics, automobile, mould, light industry, etc.
The most obvious difference between high speed machining and conventional machining is the different mechanism on chip formation. In order to get a better understanding of the mechanism of high speed machining, it is necessary to investigate the chip formation mechanism. In addition, it also can help to optimize the cutting process by choosing proper cutting parameters such as rake angle, cutting speed, feedrate, etc.
Usually, continuous band chip or continuous chip with built-up edge forms during conventional machining, and serrated chip forms during high speed machining. The formation of serrated chip almost influence every aspect of high speed machining such as cutting forces [1] , cutting temperature [2] , tool wear and life [3] , quality of machined surface [4] , etc. Therefore, a lot of researchers keep trying to investigate the mechanism of chip formation during high speed machining by using numerical simulation and experimental observation [5] [6] . There is no final verdict about the formation mechanism of serrated chip yet. At present, two main theories were proposed. One of them is based on adiabatic shear instability in the primary shear zone [7] , the other is based on cyclical fracture in the primary shear zone [8] . But these two popular points of view are immature. Because of the lack of experimental data, the models and experiments based on these two theories often conflict, especially to high speed machining of hardened steel.
In this paper, the development of chip morphology, critical cutting conditions of serrated chip formation and cutting forces were observed and measured by high speed machining experiment of 30CrNi3MoV hardened steel. The formation mechanism of serrated chip was analyzed.
EXPERIMENT OF HIGH SPEED MACHINING AND PREPARATION OF METALLOGRAPHIC SPECIMENS
A high-strength and low-alloy steel 30CrNi3MoV was selected as the experimental material. Steel ingots were machined into φ 95mm × 3.5mm disc-shaped workpieces. 48HRC was obtained by quenching with 890℃ and tempering with 200℃ in 2 hours. The high speed orthogonal machining experiment was carried out on NC high-speed lathe using PCBN tool under dry cutting condition. The experiment parameters are as follows: the range of cutting speed is from 5m/min to 500m/min, cutting thickness is 0.215mm, cutting width is 3.5mm, tool rake angles are -10°, 0° and 10° respectively. Main cutting force Fc and thrust force F T were measured by using a dynamometer. Shear angle f and thickness of the primary shear zone s were measured by utilizing a micro-camera system.
The chips formed with different cutting parameters were set vertically into the bakelite powder. After grinding, polishing and eroding, chip morphology and microstructure were observed by using a optical microscope. Figure 1 shows the evolution of chip formation when the rake angle is -10 ° with different cutting speed. As seen from this figure, continuous band chip usually forms in low cutting speed. Chip thickness through the entire chip is relatively steady. The chip deformation is in the form of homogeneous glide (see Figure 1a , Figure 1b ). As is shown in Figure 1c and Figure 1d , the chip morphology changes from continuous band into serrated with the increase of cutting speed at a certain critical value. The deformation is very inhomogeneous inside the serrated chip. According to the degree of deformation, there are two obviously different deformation zones along the length direction. One of them is matrix chip block in trapezoidal shape with low deformation, the other is a narrow-band with high localization deformation. During the cutting process, the adiabatic shear occurs when continuous band chip transforms into serrated. After the occurrence of adiabatic shear, the deformation localizes in a very narrow zone between the sawteeth, which is so-called adiabatic shear band (Figure 1d ).
RESULTS AND DISCUSSIONS

Development of chip morphology
Critical cutting conditions of serrated chip formation
The critical cutting conditions of serrated chip formation are obtained by observing the development of chip morphology during the cutting process, as is shown in Figure 2 . It is shown that the main factors to influence the chip morphology are cutting speed and rake angle. The main effect of the rake angle is that it can change the shear strain of the primary shear zone, which is able to seriously influence the critical cutting speed of serrated chip formation. As the tool rake angle changes from positive to negative, the critical cutting speed decreases obviously. ( 1) Where g , g& and T are shear strain, shear strain rate and absolute temperature. n, g, and a are coefficients of the material's strain hardening, strain rate hardening, and thermal softening, respectively. 0
g& , and 0 T are shear stress, shear strain rate and temperature in the quasistatic experiment. In consideration of the similarity of material components and properties, parameters in equation (1) are selected as follows: 
Where R, r , C are transformation coefficient between heat and power, density and specific heat of the material. Usually, R is 1 under adiabatic circumstance. A prediction curve of critical cutting conditions for adiabatic shear of 30CrNi3MoV is found by substituting these parameters into equation (2), see in Figure 3 . According to the shear angle and thickness in the primary shear zone measured, the critical shear strain g and critical shear strain rate g& in the primary shear zone corresponding to Figure 2 are calculated based on equations (3) and (4). The experimental curve of critical cutting conditions for the generation of adiabatic shear is then obtained, as shown by a solid line in Figure 3. (3) (4)
Fig. 3: Comparison between theoretical and test curves for adiabatic shear instability
The approximate agreement of the curves for critical conditions between experimental observation and theoretical prediction shows that the main reason for the generation of serrated chip is the occurrence of adiabatic shear fracture when thermal softening exceeds strain hardening in the primary shear zone. As is shown in Figure 4 , the cutting forces with different chip morphology under different cutting conditions were measured. At the situation of continuous band chip, the cutting forces reduce slowly with the increase of cutting speed but decrease rapidly when the critical cutting speed is reached (as the dotted line). The cutting forces are relatively high when the rake angle is negative and reduce gradually as the rake angle increases. The larger the absolute value of the negative angle, the higher the cutting forces, especially for thrust force F T . There are two main reasons to explain this. On the one hand, negative angle is able to make acting forces and interface between the chip and tool rake surface increase. It is an absolutely geometric factor. On the other hand, higher cutting forces and shear deformation can increase the friction between the chip and tool rake surface, which leads to a higher F T .
Cutting force
Serrated chip is usually found in high speed machining of hardened steel, which is able to decline the cutting forces instantly. This phenomenon is caused by its special formation mechanism which is different from the one of continuous band chip. The continuous band chip usually comes out at a low cutting speed with a large positive-rake. When it forms, the strain and strain rate inside the chip is relatively low, and the material is at the stage of strain hardening. The chip deformation is in the form of homogeneous glide. The strain and strain rate rise when increase the cutting speed and decrease the rake angle. Lots of heat generate in the primary shear zone. The heat transmission from this zone to surrounding material is inefficient because of the short time and low thermal conductivity of hardened steel, which can increase the temperature of the primary shear zone rapidly and intensify the thermal softening. When thermal softening exceeds strain hardening in the primary shear zone at a certain cutting condition, the primary shear zone gets in adiabatic shear instability. At this moment, the shear forces and carrying capacity of the material reduce rapidly. Then periodic adiabatic shear fracture along the primary shear zone occurs, which make the cutting forces decrease drastically.
CONCLUSION
The development of chip morphology, critical cutting conditions of serrated chip formation and cutting forces were observed and measured by high speed machining experiment of 30CrNi3MoV hardened steel. The results show that:
1. Cutting speed and rake angle significantly influence the chip morphology. With the increase of cutting speed, the continuous band chip transforms into serrated chip at a critical value. As the rake angle is changed gradually from positive to negative, the critical cutting speed significantly decreases.
2. The results from the prediction of critical cutting speed using the critical cutting condition criterion of adiabatic shear in metal cutting process show that the leading reason of serrated chip formation is that the adiabatic shear fracture repeatedly occurs in the primary shear zone.
3. Cutting speed and rake angle are leading factors to influence cutting forces. The cutting forces reduce with the increase of cutting speed and rake angle. When the cutting speed reaches a critical value of serrated chip formation, the periodic adiabatic shear fracture occurs, which make the cutting forces decrease drastically.
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